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Introduction
The death domain fold is the unifying structural motif of a superfamily of protein domains comprising the death domain (DD) itself, 1 the death effector domain (DED) 2 and the caspase recruitment domain (CARD). 3 Their names express the prominent roles of these domains in programmed cell death. Domains from all three subfamilies occur as modules in diverse human apoptosis proteins in a variety of domain contexts. They all form a-helical bundles acting as adapters in signalling pathways and recruiting other proteins into signalling complexes. 4 Domains from the different death domain subfamilies tend to interact with each other, suggesting that their common fold was frequently reused as a module during the evolution of apoptotic adapter proteins, providing the structural backbone of the signalling pathways that control programmed cell death. Commensurate with their biological importance and despite often poor solubility due to self-association, several structures have been determined for DDs, 1,5 -9 DEDs 2,10 and CARDs. 3,11 -14 The PYRIN domain, also called DAPIN, PAAD or PYD, is a recently identified domain that has been suggested to present a new member of the DD superfamily. 15 -20 No experimentally determined structure of a PYRIN domain has been reported to date. An attempt to solve the structure of the PYRIN domain of CARD7 failed due to limited solubility. 17 PYRIN domains are located at the N terminus of proteins that are linked intimately to a variety of human diseases, ranging from cancer to inflammatory syndromes. 15, 16, 18, 21, 22 The PYRIN domain was originally found in pyrin, the product of the familial Mediterranean fever (FMF)-associated gene, which is involved in a hereditary hyperinflammatory response syndrome, 23 and in ASC/ TMS1/PYCARD, which functions as a positive mediator of apoptosis. 19, 24 Inflammation and apoptosis upregulate ASC in neutrophils and, depending on the cellular context, it can either inhibit or activate NF-kB. 25, 26 ASC contains both a PYRIN and a CARD domain. Homophilic and heterophilic interactions of both domains have been reported to be involved in self-association and filament-like aggregation of ASC in vivo.
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ASC and PYRIN seem to interact via their PYRIN domains, 19 while the CARD domain of ASC was shown to bind to the CARD domain of caspase-1. 24, 28, 29 The PYRIN domain of ASC was further shown to bind to POP1/ASC2, a small protein consisting of a single PYRIN domain with a high level of amino acid sequence similarity to the PYRIN domain of ASC. 30 The interaction between ASC and POP1/ASC2 results in a modulation of NF-kB and pro-caspase-1 regulation. 30 Finally, there is evidence that ASC and caspase-1, together with NALP1 (another PYRIN-domain protein) and caspase-5, form a pro-apoptotic complex, named inflammasome, which is essential for innate immunity involving LPS-induced apoptosis. 31 Two further human hereditary diseases were recently attributed to the PYRIN-domain protein NALP3/CIAS1/PYPAF1, Muckle -Wells syndrome and familial cold autoinflammatory syndrome. 22, 32, 33 CIAS1 assembles with ASC and regulates the activation of NF-kB. 34 A homologous protein with identical domain architecture, PYPAF7, also binds ASC, activates caspase-1 and regulates NF-kB dependent transcription. 35 Although PYRIN domains occur in more than 20 human proteins, only a few additional PYRINdomain proteins have been characterized functionally. Almost all of them appear to be involved in apoptosis and inflammation. 36 -40 To the best of our knowledge, no mutation analysis is available for any PYRIN domain. Considering that PYRINdomain proteins interact frequently with other PYRIN-domain proteins, PYRIN/PYRIN interactions are likely an important feature of PYRINdomain function. Besides the binding between the PYRIN domains of ASC and POP1/ASC2, 28 conclusive data on PYRIN/PYRIN interactions come from the zebrafish orthologue of ASC (zAsc) and the caspase Caspy, where the PYRIN domains in both proteins were shown to be required for mutual binding in vitro. 41 Here, we present the three-dimensional structure of the PYRIN domain from human ASC. The structure establishes the PYRIN domain fold and corrects previous sequence alignments with other members of the DD superfamily. It suggests a PYRIN/PYRIN interaction mode related to that observed between the CARD domains of Apaf-1 and procaspase-9.
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Results and Discussion PYRIN domains belong to the DD superfamily
The structure of the PYRIN domain is composed of six helices that are arranged in the classical DD fold ( Figure 1) . A search of the Protein Data Bank (PDB) with the program DALI 42 yielded the death effector domain (DED) from human FADD 2 as the structurally most closely related protein, followed by the procaspase-9 prodomain 12 which belongs to the CARD group of proteins, and the tumor necrosis factor receptor-1 (TNFR) death domain. 9 All three proteins could be aligned to the PYRIN domain with backbone rmsd values of less than 2.5 Å for at least 75 aligned residues. Figure 1 shows that, although the proteins share the sixhelix fold of the DD superfamily, the interhelical angles, lengths of helices and lengths of loop segments between helices are variable ( Figure 2 ). It is remarkable that the three proteins that are structurally most similar to the ASC PYRIN domain are representatives of the DED, CARD and DD proteins, i.e. from the three other subfamilies of the DD superfamily. This illustrates the significant structural diversity within the DED, CARD, and DD subfamilies that can exceed the diversity between the subfamilies. Apart from differences in function, the boundaries between the subfamilies of the DD superfamily are thus primarily defined by sequence similarities. The sequence similarities of PYRIN domains with DED, CARD, and DD domains are rather limited. We note that all previously reported sequence alignments of PYRIN domains with members of the DD superfamily differ, at least in some part, from the structurebased sequence alignment of Figure 2 , causing inaccuracies in subsequent model building. 16, 17, 19 Sequence comparison between PYRIN and DED domains
We identified 24 PYRIN domains in the human genome and a smaller number of murine PYRIN domains (because the annotation of the mouse genome is less complete) ( Figure 3 ). The sequence comparison between PYRIN domains and the
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Solution Structure of the ASC PYRIN Domain structurally most closely related domain of the DD superfamily, the FADD DED, shows significant conservation of buried residues at positions with little solvent accessibility (Figure 3) , as expected for a conserved domain fold. Using the DED consensus sequence as reported by the Pfam data base 43 and the alignment of 38 DEDs reported by Kaufmann et al., 44 four positions with characteristic differences from DED sequences could be identified in the PYRIN domains (arrows in Figure 3 ). Thus, DEDs have a charged or polar residue at the position of Leu12, single-residue insertions between helices 3 and 4, and between helices 4 and 5, and a polar or charged residue at the position of Gly65. Leu12 and Gly65 are buried in the ASC PYRIN domain, while the corresponding residues in the known DED structures (FADD DED and PEA-15 DED) 2, 10 are significantly more solvent-exposed. In contrast, the insertion between helices 2 and 3, which is a prominent feature of the PYRIN domain in the structural comparison of Figure 1 , is not present in all PYRIN domains ( Figure 3 ).
Binding between PYRIN domains
The PYRIN domain from human ASC is a highly bipolar molecule, with most of the positively charged side-chains located in helices 2 and 3 and the connecting loop, while most of the negatively charged side-chains reside in helices 1 and 4, and immediately adjacent regions (Figure 4(b) ). The large electrostatic dipole moment observed in the ASC PYRIN domain suggests that charge -charge interactions may play an important role in the association between PYRIN domains, in analogy to CARDs 3,12 -14 and death domains. 4, 6, 9, 45 In the crystal structure of the complex between the CARD domains of the procaspase-9 prodomain and Apaf-1, helices 2 and 3 of the procaspase-9 prodomain pack against helices 1 and 4 of Apaf-1 CARD in a complex that is determined largely by charged residues in the interaction surface. 12 A similar interface, termed a type I interaction, has been postulated for a hexameric complex between Fas and FADD death domains. 45 As helices 2 and 3 have been shown to be crucial for self-association (c) Procaspase-9 prodomain (Casp-9 CARD). 12 (d) Tumor necrosis factor receptor21 death domain. 9 The views in the left and right panel differ by a 908 rotation of the molecules about a horizontal axis. The structures were oriented for best match of helix 5.
Solution Structure of the ASC PYRIN Domain
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A-4 and intermolecular binding of Fas DD, 1 TNFR-1 DD, 9 FADD DED, 2 FADD DD 7 and CARD/CARD interactions, 3, 12 type I interactions appear to be common among members of the DD superfamily. A different DD/DD binding mode was observed in the co-crystal structure of Pelle and Tube death domains, involving the loops between helices 1 and 2, and 5 and 6, and the opposite side of the domain. 6 Such a type II interaction 45 would be almost perpendicular to the electrostatic dipole moment of the PYRIN domain of ASC, making it a less likely interaction mode with other PYRIN domains.
Narrow linewidths in the NMR spectra of the PYRIN domain of ASC indicate that the domain is monomeric in solution and not prone to self-association (data not shown). A similar situation seems to prevail for POP1/ASC2 (hs_POP1 in Figure 3) for which NMR assignments were reported earlier. 46 Specific binding was reported between the PYRIN domains of ASC and POP1/ASC2. 30 The two PYRIN domains share 63% sequence identity (Figure 3 ). Most importantly, the charged residues are conserved or conservatively substituted, except for six positions (10, 37, 63, 81, 84, and 87) and a shift of a positively charged residue in ASC (Arg3) by one position in POP1/ASC2 (Lys4). Consequently, the overall charge distribution is very similar in both proteins. A type I interaction between both PYRIN domains, where helices 1 and 4 of one PYRIN domain pack against helices 2 and 3 of the other PYRIN domain, would agree with the negative charges on helices 1 and 4 and the positive charges on helices 2 and 3. Except for residue 10, the charge conservation between these The PYRIN domain of ASC is shown at the top, together with its sequence numbering. The amino acid sequence of the FADD DED domain is shown at the bottom for comparison. The location of the helices and buried side-chains with less than 5% solvent exposure is indicated for the ASC PYRIN domain and the FADD DED domain by bars and filled squares, respectively. Arrows identify positions of significant differences between the PYRIN domains and the DED consensus. The consensus sequence of PYRIN domains is indicated below the PYRIN sequences, where upper case letters indicate conservation of distinct amino acids and lower case letters indicate conservation of (h)ydrophobic, (c)harged, (p)olar, a(l)iphatic, and (t)iny amino acid side-chains. Consensus characters were assigned when . 80% of the residues of a column belong to the same amino acid class. hs, Homo sapiens; mm, Mus musculus; PYRIN, pyrin protein; z, zebrafish; ASC, apoptosis-associated speck-like protein containing a CARD; POP1, pyrin-only protein 1; CIAS1, cold autoinflammatory syndrome 1 (also called PYPAF1 or cryopyrin); CRYOPYR_11, cryopyrin-like protein 1; NALP2, NACHT-, LRR-, and PYD-containing protein 2 (also called PYPAF2); NLP2_l1, NALP2-like protein 1; NLP3_l1, NALP3-like protein 1; PYPAF1-7: PYRIN-containing APAF1-like protein 1-7; PYPAF4_l1-3, PYPAF4 like proteins 1, 2 and 3; DEFCAP, death effector filament-forming Ced-4-like apoptosis protein; IFI16, interferon gammainducible protein 16; IFI16_l1-2, IFI16-like proteins 1 and 2; IFI203 and IFI204, interferon-activatable proteins 203 and 204; MNDA, myeloid cell nuclear differentiation antigen; AIM2, absent in melanoma 2; MATER, maternal-antigenthat-embryos-require; ANGIN2_l1-3, angiogenin inhibitor 2-like proteins 1 -3; MCMI1, mast cell maturation-inducible protein-like protein; DKFZ, predicted protein from DKFZ institute transcript; ENSMUSP00000038294 and ENS-MUSP00000048095: hypothetical proteins predicted by the ENSEMBL genome annotation project. hs_POP1 is also called ASC2. 30, 46 1158 Solution Structure of the ASC PYRIN Domain helices is complete between both proteins (Figure 3) .
Similarly, specific interactions have been reported between the PYRIN domain of the zebrafish orthologue of ASC, zASC, and the PYRIN domain of the zebrafish caspase Caspy. 41 These two PYRIN domains share 72% sequence identity, including a very similar charge distribution. Mapping the locations of the charged residues of these PYRIN domains on the NMR structure of the PYRIN domain from human ASC (Figure 4 (c) and (d)) reveals a charge distribution similar to that of human ASC (Figure 4(b) ), suggesting that type I interactions between PYRIN domains may be conserved. More detailed models of the respective complexes are difficult to establish, however, 
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because the CARDs of Casp-9 and Apaf-1 (Figure 1(c) ) are the only proteins for which the structure of a type I interaction complex has been solved, 12 and the structural homology between these proteins and the ASC PYRIN domain is limited (Figure 1 ).
Concluding remarks
The present structure determination establishes PYRIN domains unambiguously as a fourth branch in the superfamily of DD-type proteins. None of these domains has been found in yeast or bacteria. CARD and DD domains have been identified in nematodes and higher organisms, while DED and PYRIN domains seem to be limited to vertebrates. 20 Despite their recent evolutionary origin, however, PYRIN domains are widespread and diverse. The structural similarity of their fold to that of DED, CARD and DD domains suggests that PYRIN domains may interact with PYRIN domains as well as with other members of the DD superfamily. The NMR structure of the PYRIN domain of human ASC presents a basis for future interaction studies.
Materials and Methods
Cloning of the ASC PYRIN domain
The ASC PYRIN-domain encoding 272 bp DNA fragment was PCR amplified from Marathon-Ready cDNAs prepared from human lymphocytes (Clontech) using Bam HI (ATTCGGATCCATGGGGCGCGCGCGCGACG CCA) and HindIII (GAATAAGCTTCTACTGGTGCG TGGCCGCCT) oligonucleotide primers designed according to the sequence of the human ASC gene (NCBI protein number BAA87339). PCR cycle conditions were: ten seconds denaturation at 95 8C, 30 seconds annealing at 58 8C, and 1.5 minutes of polymerization at 72 8C. The first one minute pre-denaturation step at 95 8C was followed by 35 PCR cycles. The reaction mixture contained 10 pmol of each primer, 10 ng of the template, 1 mM dNTP mixture and 2.5 units of Taq polymerase (Fermentas) in 50 ml of PCR buffer (Fermentas) with 5 mM MgCl 2 . The 272 bp Bam HI/HindIII fragment bearing the PYRIN domain was cloned into the corresponding sites of pQE30 (QIAGEN) with N-terminal His 6 -tag. Recombinant plasmid was transformed into Escherichia coli DH5a competent cells (Invitrogen) and the resulting recombinant gene sequenced in both strands by the dideoxy method.
Expression of the ASC PYRIN domain
Recombinant protein was expressed in E. coli M15 (QIAGEN), harvested five hours after IPTG-induction and purified by affinity chromatography on Ni-NTA Sepharose (QIAGEN) under denaturing condition according to the manufacturer's basic protocol. The protein was renatured by diluting rapidly into a buffer containing standard phosphate-buffered saline (PBS) at pH 3.7, 1% (v/v) Triton X-100, 1 mM DTT, 10% (v/v) glycerol and 50 mM glycine. The final yield of soluble protein was about 10 mg per liter of bacterial culture.
NMR measurements
NMR spectra were recorded at pH 3.7, 28 8C, using ca 1 mM solutions of the ASC PYRIN domain construct including the His 6 47 spectra, recorded with unlabelled protein.
NMR spectral evaluation
The cross-peaks in the NOESY spectra were assigned and integrated using the program XEASY. 48 Most of the NOE restraints were collected from the NOESY spectrum recorded with 40 ms mixing time, t 1max ¼ 100 ms; t 2max ¼ 225 ms; and three days total recording time. 
Structure calculations and evaluation
The NMR structure was calculated using the program DYANA 50 starting from 50 random conformers. As no long-range NOE could be observed for the N-terminal His 6 -tag residues, only the residues of the PYRIN domain were included in the structure calculations. The 20 conformers with the lowest residual restraint violations were energy minimized in water using the program OPAL 51 with standard parameters. The Ramachandran plot was analyzed using PROCHECK-NMR. 52 Table 1 shows an overview of the restraints used and structural statistics. Secondary structure elements and rmsd values 
A-7
were calculated using the program MOLMOL, 53 which was used also to create Figures of the structures. Sidechain solvent accessibilities were measured with a spherical probe of 1.4 Å radius and calculated as the percentage of the accessibilities measured for a fully extended side-chain of residue X in a helical Gly-X-Gly peptide. 54 The values obtained were averaged over the 20 NMR conformers.
Data Bank accession codes
The atomic coordinates have been deposited in the Protein Data Bank with accession code 1UCP. The NMR chemical shifts have been deposited at the BioMagResBank (BMRB) under accession code BMRB 5780. 
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